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An all-optical centimeter-scale laser-plasma positron accelerator is modeled to produce quasimonoe-
nergetic beams with tunable ultrarelativistic energies. A new principle elucidated here describes the
trapping of divergent positrons that are part of a laser-driven electromagnetic particle-shower with a large
energy spread and their acceleration into a quasimonoenergetic positron beam in a laser-driven plasma
wave. Proof of this principle using analysis and particle-in-cell simulations demonstrates that, under limits
defined here, existing lasers can accelerate hundreds of MeV pC quasi-monoenergetic positron bunches.
By providing an affordable alternative to kilometer-scale radio-frequency accelerators, this compact
positron accelerator opens up new avenues of research.
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Monoenergetic positron accelerators intrinsic to positron-
electron (eþ − e−) colliders at energy frontiers [1,2] have
been fundamental to many important discoveries
[3–6] that underpin the standard model. Apart from high-
energy physics (HEP), monoenergetic eþ-beams of mostly
sub-MeV energies are also used in many areas of material
science [7,8], medicine [9] and applied antimatter physics
[10]. Applications have however not had ready access to
positron accelerators and have had to rely on alternative
sources such as βþ-decay [11], (p,n) reaction [12] and pair-
production [13] of MeV-scale photons from—fission
reactors [14], neutron-capture reactions [15] or MeV-scale
e−-beams impinging on a high-Z target [16].
Positron accelerators have evidently been scarce due to

complexities involved in the production and isolation of
elusive particles like positrons [2,16] in addition to the
costs associated with the large size of radio-frequency (rf)
accelerators [17]. The size of conventional rf accelerators
is dictated by the distance over which charged particles
gain energy under the action of breakdown limited [18]
tens of MVm−1 rf fields sustained using metallic structures
that reconfigure transverse electromagnetic waves into
modes with axial fields. This limit also complicates
efficient positron production [2,13], which has required a
multi-GeV e−-beam from a kilometer-scale rf accelerator
[17] to interact with a target. Furthermore, the positrons

thus produced have to be captured in a flux concentrator,
turned around and transported back [19] for reinjection into
the same rf accelerator.
Advancements in rf technologies have demonstrated

100 MVm−1-scale fields [20] but explorations beyond the
standard model at TeV-scale eþ − e− center-of-mass ener-
gies still remain unviable. Moreover, the progress of non-
HEP applications of eþ-beams has been largely stagnant.
Recent efforts on compact and affordable positron accel-

erator design based on advanced acceleration techniques
[21,22] have unfortunately been unsatisfactory. Production
of eþ − e− showers using high-energy electrons from

FIG. 1. Schematic of all-optical centimeter-scale schemes of
quasimonoenergetic laser-plasma positron accelerator using the
interaction of eþ − e− showers with plasma-waves.
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acceleration phase shrinks, LΔ ∝ ψ−1
0 . The resultant faster

longitudinal field variation degrades the energy spectrum.
As the positron trapping region size reduces, beam charge
also decreases. A quasinonlinear wave with ψ ∼Oð1Þ
therefore turns out to be optimal.
Beam energy gain, ΔW is optimized as the distance of

overlap between the trapped beam and the favorable
potential maximizes. This acceleration length, Lacc is
shown to depend on the wave amplitude, ψ0 and the
plasma density, n0. The wave amplitude is itself
dictated by n0 and the normalized laser vector potential,
a0 (¼ max ðeA0=mec2Þ) in accordance with δne=n0 ∝
k−2pe ∇a20, while in plasma the a0 is modified by the wave
density as per ð∇2 − c−2∂2=∂t2Þa0 ¼ k2peðne=n0Þa0 [22].
In this work, it is found that an initially high a0 or a rise in
a0 due to laser evolution increases the wave amplitude
which shortens the potential profile and constrains Lacc.
This limit of the overlap dictates the energy gain ΔW ¼
ehEkiLacc

Lacc where hEkiLacc
(¼ −∂ψ=∂ζ) is the wave

longitudinal field averaged over Lacc.
Multi-dimensional PIC simulations are used to validate

the above analysis. Whereas 3D simulations (see
Supplemental Material [35]) offer precision, parameter scans
based on them demand inaccessible computational resour-
ces. Nevertheless, 2 1

2D simulations adjusted to match 3D
simulations allow for characterization over a wide parameter
space. Here a 2D cartesian grid which resolves λ0 ¼ 0.8 μm
with 25 cells in the longitudinal and 15 cells in the transverse
direction tracks a linearly-polarized laser pulse at its group
velocity. The above detailed particle shower model is
initialized as shown in Figs. 2(a) and 2(c) [2(e) and 2(g)]
for scheme-A (scheme-B). The shower transversely has
σr ¼ 25 μm and longitudinally spans the entire box. Each
particle species is initialized with 4 particles per cell.
Absorbing boundary conditions are used for both fields
and particles. The laser with a Gaussian envelope of length
50 fs and a0ð2DÞ ¼ 2a0 propagates in 50 μm of free-space
before it enters a fixed-ion plasma.
The results in Figs. 2 and 3 imply that the eþ-LPA

modeled here accelerates quasimonoenergetic eþ-beams.
The wave focusing fields segregate the eþ-beam from
electrons (see Supplemental Material [35]). Over an
Lacc ≃ 2 mm, ΔW ∼ 200 MeV eþ-beams of around 5%
FWHM energy spread (ΔE=E) are accelerated using a
quasi-nonlinear wave excited by a 6 J laser with 40 μm
FWHM spot-size in n0 ¼ 1018 cm−3 as shown in Figs. 2(b)
[2(f)] for scheme-A (scheme-B). These laser parameters
chosen here in consideration of staging requirement of
reflection off a plasma mirror [31]. Whereas using ΔW ¼
ehEkiLacc

Lacc the estimated hEkiLacc
≃ 100 GVm−1 [22] is

in excellent agreement with 100
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0ð1018 cm−3Þ

p
GVm−1,

at γϕ ≃ 42, Lacc is well below the expected dephasing
length [22] and thus severely limits ΔW. This limit on Lacc
is due to changes in laser properties during acceleration

which modify the potential profile and the accelerating
phase velocity and thrust the beam into defocusing ion-
cavity phase resulting in particle loss. This limit nonethe-
less motivates further work to better the energy gain, energy
spread and bunch charge.
The eþ-beam confinement properties as inferred from

the phase-space slices of scheme-A eþ-beam in Figs. 2(c)
and 2(d) shown in Fig. 4 are remarkable. Bunch transverse
size with σr ¼ 5 μm and length with σz ¼ 7.5 μm are
estimated from Figs. 4(a), 4(c) and 4(b), 4(c), respectively.
These bunch properties are consistent with Eq. (4) and (5).
From Eq. (4) a threshold potential of ψ th ¼ 0.25 at n0 ¼
1018 cm−3 is required to trap positrons upto Esh≥0.5MeV.
This value of ψ th exceeds the Eq. (5) transverse threshold
with α ¼ 2.5. The observed bunch sizes are in excellent
agreement with LΔ and RΔ of the simulated wave potential
profiles. From p⊥ − pk slice in Fig. 2(c), the estimated
opening angle of ∼15 mrad can be further improved. From
the real space in Fig. 4(c) a modest charge of 0.5–5 pC is
calculated.
The variation of n0 at a fixed a0 ¼ 1.4 summarized in

Fig. 3(a) implies that there is an optimal n0 for a given
intensity at which the peak beam energy maximizes and the
energy spread minimizes. This optimality around n0 ¼
1018 cm−3 is found to be due to the maximization of Lacc

FIG. 3. Energy spectral characteristics of Scheme-A eþ-beam
from PIC simulations varied with n0 in (a) and a0 in (b).
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§ post-process particle-showers - using laser-driven target
[patent pending]  (particle-showers – preferably laser-driven – BUT more stable with e- beam)

§ types of particle-shower post-processing 
– segregation of particle species (trapping, transverse cooling, dual-bunch etc…)
– phase-space & spectral shaping using laser target stage 
(mono-energization, acceleration, deceleration, focusing, de-focusing)

§ optimize capture and acceleration of MeV-scale shower particles (denser part 
of the shower spectra) – applications to crystal radiation and material science

§ focus, segregate and trap 10 to 100 MeV-scale shower particles – use active 
plasma lens



Laser shower production experience - Laser Positron Acc. 

Table-Top Laser-Based Source of Femtosecond, Collimated, Ultrarelativistic Positron Beams
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The generation of ultrarelativistic positron beams with short duration (!eþ ’ 30 fs), small divergence

("eþ ’ 3 mrad), and high density (neþ ’ 1014–1015 cm"3) from a fully optical setup is reported. The

detected positron beam propagates with a high-density electron beam and # rays of similar spectral shape

and peak energy, thus closely resembling the structure of an astrophysical leptonic jet. It is envisaged that

this experimental evidence, besides the intrinsic relevance to laser-driven particle acceleration, may open

the pathway for the small-scale study of astrophysical leptonic jets in the laboratory.

DOI: 10.1103/PhysRevLett.110.255002 PACS numbers: 52.38.Kd, 25.20."x, 98.58.Fd

Relativistic positron beams are of paramount impor-
tance in experimental physics due to their direct applica-
tion to a wide range of physical subjects, including nuclear
physics, particle physics, and laboratory astrophysics.
Arguably, the most practical way to generate them is to
exploit the electromagnetic cascade initiated by the propa-
gation of an ultrarelativistic electron beam through a
high-Z solid. This process is exploited to generate low-
energy positrons in injector systems for conventional ac-
celerators such as the Electron-Positron Collider (LEP) [1].
In this case, an ultrarelativistic electron beam (Ee" #
200 MeV) was preaccelerated by a LINAC and then
directed onto a tungsten target. The resulting positron
population was further accelerated by a large-scale
(R # 27 km), synchrotron accelerator up to 209 GeV.
The large cost and size of these machines have motivated
the study of alternative particle accelerator schemes. In
particular, laser-plasma devices (overall size of a few tens
of meters) can support accelerating fields of the order of
100s of gigavolts=meter, much higher than typical
megavolts=meter in solid-state accelerators. Laser-driven
electron beams with energies per particle reaching [2–5],
and exceeding [6] 1 GeV have been experimentally dem-
onstrated and the production of electron beams with ener-
gies approaching 100 GeV is envisaged for the next
generation of high-power lasers (1–10 PW) [7]. Hybrid
schemes have also been proposed and successfully tested
in first proof-of-principle experiments [8,9]. On the other
hand, laser-driven low energy positrons (Eeþ # 1–5 MeV)
have been first experimentally obtained by C. Gahn and co-
workers [10] and recently generated exploiting picosec-
ond, kilojoule class lasers [11–14]. Despite the intrinsic
interest of these results, the low energy and broad diver-
gence reported (Eeþ $ 20 MeV and "eþ % 350 mrad,
respectively) still represent clear limitations for future
use in hybrid machines.

The possibility of generating high density and high
energy electron-positron beams is of central importance
also for astrophysics due to their similarity to jets of long
gamma-ray bursts [15]. These structures still present enig-
matic features which are virtually impossible to address by
simply relying on direct observations. A possible solution
might be represented by reproducing small scale electron-
positron jets (required bulk flow Lorentz factor of the order
of 100–1000) in the laboratory. Although gamma-ray burst
jets may have a weak large scale magnetic field [16], the
external shock is exclusively mediated by self-generated
microscale magnetic fields. A purely electronic jet would
present toroidal magnetic fields whose strength and struc-
ture would be comparable to the microscale fields that
develop in response to the filamentation instability [17]
and modify the shock physics. The presence of the highly
mobile positrons would reduce the overall magnetization
of the jet, simplifying the interpretation of the experimen-
tal data and their comparison with the astrophysical
scenario.
Here we experimentally demonstrate the possibility of

producing collimated and high-density ultrarelativistic
positron beams in a fully laser-driven configuration.
Their low divergence and short duration (comparable to
those of the incoming laser-driven electron beam) suggest
the possibility of applying this generation scheme to cur-
rent laser facilities towards the construction of a fully
optical generator of high-quality, ultrarelativistic positron
beams. Furthermore,the measured high positron Lorentz
factors (#eþ ’ 200–300, compared to #eþ $ 40 in
Refs. [10–12]) of these beams are finally comparable to
those of astrophysical leptonic jets. This, in conjunction
with the low divergence, the inferred electron-positron
balance, and co-propagation with intense gamma-rays,
finally opens up a realistic possibility of studying the
dynamics of such jets in the laboratory.
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The experiment [shown schematically in Fig. 1(a)] was
carried out using the HERCULES laser system at the
Center for Ultrafast Optical Science at the University of
Michigan [18], which delivered a laser beam with a central
wavelength !L ¼ 0:8 "m, energy EL ¼ 0:8 J, and dura-
tion #L ¼ 30 fs. This laser beam was focused, using an
f=20 off-axis parabola, onto the edge of a 3 mm wide
supersonic He gas jet, doped with 2.5% of N2, with a
backing pressure of 5.5 bar. Once fully ionized, this corre-
sponds to an electron density of 9" 1018 cm#3. The focal
spot size was measured to have a radius of 23 "m which
contained 50% of the laser energy (peak intensity of IL $
6" 1018 W=cm2). Laser power and gas-jet pressure were
chosen in order to stay slightly above the threshold for
ionization injection [19]. This interaction delivered a re-
producible electron beam with a divergence at full width at
half maximum of approximately 1.4 mrad (corresponding
to a full width at total maximum of 2.5 mrad [see Figs. 1(b)
and 1(c), and Fig. 1 of the Supplemental Material [20]]). Its
spectrum was measured, prior to any shot with a high-Z
solid target, by a magnetic spectrometer consisting of a
0.8 T, 15 cm long pair of magnets and a LANEX screen.
The arrangement of the spectrometer did not allow us to
resolve electron energies below 80 MeV. Typical spectra,
obtained using the calibration curves reported in Ref. [21],
indicated the charge carried by electrons with energy
exceeding 80 MeV to be of the order of 50 pC (3" 108

electrons). Electron bunches obtained in similar conditions
have been shown to have a length comparable to a plasma
wavelength (!pe ¼ 2$c=!pe $ 10 "m) implying a typi-
cal temporal duration comparable to that of the laser pulse
[22]. The laser-accelerated electron beam interacted with
millimeter-size high-Z solid targets of different materials
(Cu, Sn, Ta, Pb) and thicknesses (from 1.4 to 6.4 mm). The
same magnetic spectrometer was used to separate the
electrons from the positrons which were then recorded
onto an image plate (IP). In order to minimize the effect
of the shot-to-shot fluctuation of the electron beam, each IP
was exposed to ten consecutive shots [see Fig. 1(b) for the

signal on the IP for 4.2 mm of Ta]. Due to the small
difference in positron and electron stopping power (below
2% [23]), the signal recorded was absolutely calibrated by
using the calibration curves reported in Ref. [24]. Plastic
and Teflon shielding were inserted to reduce the noise on
the IP induced by both the low-energy electrons and
gamma rays generated, at wide angles, during the laser-
gas and electron-solid target interactions [see Fig. 1(a)].
In these experimental conditions, the positrons inside the

high-Z target are mainly generated via either direct electro-
production (trident process), in which pair production is
mediated by a virtual photon in the electron field [25], or
via a two-step ‘‘cascade’’ process where the electron first
emits a real photon (bremsstrahlung) [26], which then
produces an electron-positron pair via the Bethe-Heitler
process [27]. Keeping the parameters of the electron beam
constant, the positron yield Neþ is expected to scale as
Neþ / ðZ2ndÞj, where n is the number of atoms per unit
volume in the material, d is the thickness of the solid target,
and j ¼ 1 for the trident process and j ¼ 2 for the two-step
cascade process (we neglect here Coulomb corrections,
which depend on Z%, with % $ 1=137 being the fine-
structure constant). Neglecting the difference between the
proton and the neutron mass, the mass density of the solid
target is & $ Ampn, with A and mp being the atomic
number and the proton mass, respectively. If we maintain
the areal mass density (' ¼ &d) constant, we can then
express the scaling as Np / ðZ2=AÞj. We have thus per-
formed a series of shots for different materials (Cu, Sn, Ta,
Pb) adjusting the target thickness so that the areal mass
density was kept constant for each material (' $
4:7 g=cm2, see the first four rows in Table I). All the
measured positron spectra presented a monotonically
decreasing profile with approximately 103 positrons=MeV
(solid lines in Fig. 2). In all cases, numerical simulations
performed with the nuclear physics Monte-Carlo code
FLUKA, which accounts for electromagnetic cascades
during the passage of an electron beam through a solid
target [28], are able to reproduce the experimental data

(a)

(b) (d)

(c)

FIG. 1 (color online). (a) Top view of the experimental setup. The magnet is rotated by 90( for the sake of illustration. (b) Typical
positron signal as recorded by the image plate for 4.2 mm of Ta. The dark region on the upper part is predominantly exposed by the
( rays escaping the solid target. (c) Typical signal of the electron beam as recorded on the LANEX screen, without a solid target (see
Fig. 1 of the Supplemental Material [20] for a ten-shot series). The dashed white lines depict a full width at total maximum of 2.5 mrad
(corresponding full width at half maximum of 1.4 mrad). (d) Extracted spectrum and relative best fit (linearþ Gaussian) used as an
input for FLUKA simulations.
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Supplementary material Figure 1: Typical series of ten spectra of the laser-accelerated 
electron beam, as recorded on the LANEX screen before the insertion of the solid target. The 
overall electron beam charge fluctuated within less than 10% and the peak electron energy 
was consistently of the order of 200 MeV. 
 
 

 
Supplementary material Figure 2: Product between the Lorentz factor and the divergence 
of the positron beam, as a function of the positron energy, for 4.2 mm of Ta. The divergence 
is inferred from the transversal thickness of the positron signal on the IP. Blue circles indicate 
the experimental data whereas the red crosses are obtained from matching FLUKA 
simulations. The product is seen to be of the order of unity for each spectral component of the 
positron beam. 
 
 

well (dashed lines in Fig. 2). As an input for the simulation
106 electrons with a spectral shape like the one depicted in
Fig. 1(c) were used. An average over five identical runs
was performed for each material in order to minimize any
stochastic error arising from the random seed generator of
the code. As theoretically predicted, the positron yield
increases for materials with higher atomic number. This
trend is quantitatively confirmed by integrating the experi-
mental spectra in the range 90<EeþðMeVÞ< 120 (see
Table I and Fig. 3). Within this energy range, a maximum
positron number of ð2:30$ 0:28Þ % 105 is obtained for the
material with the highest Z (Pb). Fitting the data keeping j
as a free parameter, we obtain a best fit for j ¼ 2:1$ 0:1
confirming the dominance of the cascade process with
respect to the trident one [see Fig. 3(b)]. The positron yield
over the entire positron spectrum, as extracted from match-
ing FLUKA simulations (NT in Table I), is seen to follow a
similar trend. A further indication as to what process

dominates is given by the dependence of the positron yield
upon the target thickness (Neþ / d for the trident and
Neþ / d2 for the two-step process). A series of shots was
thus taken varying the thickness of the solid target d for Ta
and Pb [second four rows in Table I and Fig. 3(a)]. As
expected, the positron yield scales with d2 in both cases. In
order to support this statement theoretically, we compare,
for each material, the radiation length Lrad with the range
of target thicknesses d used in the experiment. The two-
step process is expected to dominate the trident one if
d=Lrad * 10'2 [25]. For an order-of magnitude estimate
of Lrad, we can assume here to be in the total-screening
regime which, for an electron with energy " emitting a
photon with energy @!, occurs if the parameter S (
!Z1=3"ð"' @!Þ=ð@!mc2Þ is much larger than unity (a
Thomas-Fermi model of the atom is assumed [29]).
Estimating ") @!) 100 MeV, we have S * 4 in the
worst case of Cu, which is sufficiently large for the present
estimate. In this regime, and by including Coulomb cor-
rections, the radiation length is approximately given by
[29] Lrad * 1=½4!ðZ!Þ2n"2

CL0,, where n is the number of
atoms per unit volume, "C ¼ @=mc ¼ 3:9% 10'11 cm is
the Compton wavelength, and L0 ¼ logð183Z'1=3Þ '
fðZ!Þ, with fðxÞ ¼ P1

‘¼1 x
2=‘ð‘2 þ x2Þ. This gives

LradðCuÞ ¼ 15 mm, LradðSnÞ ¼ 12 mm, LradðTaÞ ¼
4:1 mm, and LradðPbÞ ¼ 5:6 mm. The material thicknesses
are thus always such that the inequality d=Lrad * 10'2 is
fulfilled, in agreement with the experimental indication of
the predominance of a two-step process for the electro-
magnetic cascade. Moreover, in all the considered cases,
except one where d ¼ 4:2 mm for Ta, it is the case that
d < Lrad, which implies that the contribution of higher-
order cascade processes can generally be neglected for an

TABLE I. The first four rows illustrate the results from targets
with the same areal density. The positron yield Nexp and Nsim

refer to the energy window 90<EeþðMeVÞ< 120 as obtained
from the experiment and FLUKA simulation, respectively. NT

refers instead to the total yield of positrons with Eeþ > 1 MeV,
as extracted from matching numerical simulations. For each
material, the positron divergence refers to the higher section
of the positron spectrum (see Fig. 1 of the Supplemental
Material [20]).

Mat. d (mm) #eþ (mrad) Nexp % 105 Nsim % 105 NT % 105

Cu 5.3 2:3$ 0:2 0:3$ 0:1 0.3 31
Sn 6.4 2:7$ 0:3 0:6$ 0:1 0.6 63
Ta 2.8 2:7$ 0:3 2:1$ 0:3 2.1 190
Pb 4.2 3:5$ 0:4 2:3$ 0:3 2.3 240
Ta 1.4 2:3$ 0:2 0:8$ 0:2 0.8 78
Ta 4.2 2:7$ 0:3 3:8$ 0:3 3.9 350
Pb 2.2 3:0$ 0:3 0:7$ 0:2 0.7 60
Pb 2.8 3:3$ 0:3 1:1$ 0:3 1.1 122

FIG. 2 (color online). Experimental (solid lines) and simulated
(dashed lines) positron spectra for (a) 5.3 mm of Cu, (b) 6.4 mm
of Sn, (c) 2.8 mm of Ta, and (d) 4.1 mm of Pb. Each experimental
spectrum results from an average over ten consecutive shots.

FIG. 3 (color online). (a) Measured positron yield, in the
energy range 90<EeþðMeVÞ< 120 for Ta (blue full circles)
and Pb (red empty circles) for different target thicknesses. Lines
give the best quadratic fits. (b) Measured positron yield, in the
energy range 90<EeþðMeVÞ< 120, for different materials but
constant areal density as a function of Z2=A. The dashed line
represents the best quadratic fit. In both graphs, the values result
from an average over ten consecutive shots and the error bars
account for the shot-to-shot fluctuation of the primary electron
beam (-10% in overall charge, see Fig. 1 of the Supplemental
Material [20]).
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It is predicted that therc can be a new type of radiation of relativistic channeled particles. A possibility of using
this radialion in physics is indicated, in particular, for creating a nuclear-, laser.

Consider a relativistic positron moving in a planar where I is taken from eq. (3). Equation (4) is derived
channel of a crystal. To first approximation, the poten- on the basis of common relations of electrodynamics
tial in the channel may be taken as V0x

2 [1],where for the harmonic field.
x is reckoned from the middle of the channel; z being Since at I , 1(w) abruptly increases, the
directed along the channel. The equation of motion in (effective) cross section for nuclear excitation (which
such a field is readily solved: for a single resonance is described by the Breight—

Wigner formula) is many orders ofmagnitude higher
x(t)x sin(wt+~9~), .m __________ for the radiation being considered than for the brerns-

where w2=(2 V
0/m0)sJl — v~/c

2i3~is the phase; strahiung.
t the time, m

0 the mass,Xm the amplitude of oscilla- Because the radius is small, we get a super-powerful
tions (i.e. the particle oscillates periodically). The in- radiation. For example, a typical value off in eq. (3)
stantaneous radius of curvature for a particle is is about 106 times greater for a single particle than the

R = 2 ~• (2~ radiation we are able to obtain in the most powerfuli)21V1 / modern synchrotron DESY (E r~(0.1—10) X 10~eV).

where ~ is a change of the transverse velocity. It can We note that no modern synchrotron can operate in
be readily shown that (t3~)2= x~w

4/2.Hence for the the region of such short wavelengths as those of the
intensity of radiation of a relativistic particle we obtain channeled particle radiation. Besides, this radiation is
(u~~C) more monochromatic than synchrotron radiation which

4 2 4 2 ~ is also important.1w xmy e /3c , (3) . . . .
______ This radiation will also occur in the axial channeling

where y = l/\/I — v~/c2.Here, the classical calculation arid also for electrons. Furthermore, the radiation of
is justified as the number of levels of a relativistic par- this type will take place (with different frequencies and
tide is much greater than unity. A relativistic quantum a number of peculiarities) in the transition from the
theory (to be published separately) yields a result axial channel to the planar one. Electrons dechannel
close to (3). Although the particle oscillates with a fre- strongly since under channeling they pass near nuclei
quency of the order 1014 _1015 sec1 ,the frequency and undergo inelastic scattering. Still, an effect of ra-
of radiation w significantly increases due to the Doppler diation will take place as the channeled electrons, being
transverse effect, reaching the value wm (1 + v~/c)wy2. in Rosette motion go along the strings. At planar chan-
If the crystal thickness is such that the number of neling of electrons this effect also takes place as elec-

oscillationsN~’1, then the spectral distribution will be trons oscillate in the field of plane. For protons and
r 2 -i mesons the effect must also occur but the power ofdI 3 wi 0) Iw\i p .. .

= I—• —i 1 ---2 — + 2 i—— i I ; w w radiation will be small since the mass of these particlesdw w W L w \W ~J mm m m m
1 (4) is great. In the frequency range 0.1Wm<W<0)fll, the
0 W~>0) radiation intensity is considerably higher than that ofm bremsstrahlung. Since the intensity falls off abruptly
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…development of practical atomic-scale channeling 
measurements of electronic spin densities, and momentum 
profiles in addition to valence and bonding e- density maps. 
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Increased Elemental Specificity of Positron Annihilation Spectra

P. Asoka-Kumar,1 M. Alatalo,1 V. J. Ghosh,1 A. C. Kruseman,2 B. Nielsen,1 and K. G. Lynn1

1Brookhaven National Laboratory, Upton, New York 11973
2IRI, Delft University of Technology, Mekelweg 15, NL-2629JB Delft, The Netherlands

(Received 28 March 1996)
Positron annihilation spectroscopy (PAS) is a sensitive probe for studying the electronic structure of

defects in solids. We show that the high-momentum part of the Doppler-broadened annihilation spectra
can be used to distinguish different elements. This is achieved by using a new two-detector coincidence
system to examine the line shape variations originating from high-momentum core electrons. Because
the core electrons retain their atomic character even when atoms form a solid, these results can
be directly compared to simple theoretical predictions. The new approach adds increased elemental
specificity to the PAS technique, and is useful in studying the elemental variations around a defect site.
[S0031-9007(96)01120-9]

PACS numbers: 78.70.Bj, 71.60.+z

Positron annihilation spectroscopy (PAS) is a sensitive
probe for studying defects in solids [1,2]. The method
relies on the propensity of positrons to become localized
at open-volume regions of a solid and the emission of
annihilation gamma rays that escape the test system with-
out any final state interaction. These gamma rays hold
information about the electronic environment around the
annihilation site. PAS measurements for defect charac-
terization generally utilize two observables: positron life-
time and the conventional Doppler broadening of the
annihilation gamma rays using a single detector. Both
of these techniques are not very sensitive to elemen-
tal variations around an annihilation site, such as the
one occurring when a material is lightly doped with an-
other or when a vacancy is tied with an impurity atom.
A third observable, angular correlation of annihilation
radiation, can overcome this deficiency. However, this
observable is not used routinely in defect spectroscopy
owing to the difficulties associated with the low counting
rates at many of the existing facilities. Here we present
the results from a new two-detector setup that measures
the elemental variations around the annihilation site. The
new setup improves the peak to background ratio in the
annihilation spectrum to ,105, and as a result the varia-
tions of the Doppler-broadened spectra resulting from an-
nihilations with different core electrons can be mapped.
Because the core electrons retain their atomic character
even when atoms form a solid, the new results can be eas-
ily verified with straightforward theoretical calculations.
In the past, Lynn et al. have shown the advantage of us-
ing a two-detector setup in a study of thermal generation
of vacancies in aluminum [3,4].
Upon entering the solid, positrons lose most of their ki-

netic energy and reach thermal equilibrium with the host
material (within about 10 psec). In a crystal, the thermali-
zed positrons experience a periodic repulsive potential
that is centered on the ionic cores, and their wave function
is confined to the interstitial region. Their subsequent mo-

tion is dominated by phonon scattering, and in the absence
of an overall electric field in the medium, this motion is
nearly an isotropic random walk. Open-volume defects
and negative charge centers provide isolated minima in
the potential and localize positrons. Eventually positrons,
localized at defects or not, annihilate with electrons pro-
ducing predominantly two gamma rays, necessitated by
energy-momentum conservation during annihilation. Be-
cause the positrons are thermalized, the total energy of the
annihilation gamma rays is given by 2m0c2 2 EB, where
m0c2 is the electron rest mass energy and EB is the elec-
tron binding energy (neglecting the thermal energies and
chemical potentials). When there is a net center of mass
energy associated with the annihilating pair, this total en-
ergy is not split equally among the two gamma rays. One
gamma ray is upshifted while the other is downshifted
from the center energy of m0c2 2 EBy2 by an amount
given by DE ≠ s1y2dpLc, where pL is the longitudinal
component of the electron-positron momentum along the
direction of the gamma ray emission. Since the direction
of the gamma ray emission is random, a detector located
in a given direction will record both upshifted and down-
shifted gamma rays. This produces an overall Doppler
broadening, and characterizing this broadening provides
a sensitive way of examining the electronic environment
around the annihilation site.
Annihilations with core electrons produce larger

Doppler shifts compared to valence electrons. Therefore,
the tail region of the Doppler-broadened curve can
be analyzed to obtain the momentum distribution of
the core electrons. In traditional Doppler-broadening
measurements, a single detector records the energy of
the annihilation gamma rays. The spectrum collected
with a single detector suffers from high background
contributions (peak to background ratio ,200), which
arise mostly from incomplete charge collection on the low
energy side and pileup and sum events on the high energy
side. When positronium is formed, annihilation into three
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BULK-PLASMON DISPERSION SPECTRUM OF Be. . . V05

et aI, the existence of a plasmon line was not re-
ported, even for small values of the momentum
transfer. This, we assume, is due to their very
large experimental width which is of the order of
22 eV and therefore would overlap the plasmon
band. In our experiments the experimental width
is of the order of 11 eV.
In conclusion, we observe that in Fig. 2 the peak

of the plasmon line is well separated from TDS
and Compton lines which overlap. In Fig. 3 the
spectra for P = 17', 20', and 25' allow the separate
observation of the TDS and the plasmon peak. The

Compton band is observed as a weak bump.
The observed line is due to the bulk plasmon and

no attempt has been made to detect higher-order
plasmons. However in the case of Q = 6. 5 tt
might be possible to attribute the bump at the far
left to a second-order plasmon.
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Channeling of Positrons

1 FEBRUARY 1971

J. U. Andersen and %. M. Augustyniak
Be// Telephone Laboratories, Mgrray Hi//, Ãesy &ersey 07974

E. Uggerhgj
&nstitute of physics, &nk ersity of &arhus, 8000 &arhus C, Denmark

(Received 7 July 1970)

Axia]. and planar channeling in thin single-crystalline gold foils has been investigated by
wide-angle scattering of monoenergetic positrons. The beam was obtained by accelerating
the positrons emitted from a Co source in a 1-MeV Van de Graaff. The results are in good
agreement with corresponding measurements for protons. For the planar case, classical
calculations are compared to calculations based on the dynamical theory of diffraction. The
results are very similar except for the "wiggles" due to wave interference, which appear in
the quantum-mechanical calculation. These, however, are difficult to resolve experimentally.

INTRODUCTION

The aim of this experiment is to shed some light
on the question of applicability of classical channel-
ing theory to the directional effects observed for
emission of electrons and positrons from a single
crystal. In Uggerhfjj's measurements' of the

angular distribution of electrons and positrons
emitted from Cu implanted in copper single crys-
tals, a quantitative comparison with theory or with
heavy-particle channeling was difficult because of
the radiation damage incurred during the implanta-
tion of the radioactive ions into the crystal. The
results for positrons, however, were consistent

IEEE Transactions on Nuclear Science, Vol. NS-26, No. 3, June 1979 

CHANNELING RADIATION FROM POSITRONS 

M. J. Alguard,* R. 1. Swent,* R. H. Pantell ,* B. L. Berman,t S. D. Bloom,+ and S. Datztt 

Radiation from 56-MeV positrons channeled along the (llO), 
mu, and (100) planes and along the <llO> axis in silicon 
has been observed. The energies of the observed spectral peaks 
agree well with theory. Potentially the radiation can be used 
as a tunable x-ray source in the lo-keV to lo-MeV energy region. 

.:s.=em 

Introduction 

A relativistic positron passing through a crystal 
can be channeled between the crystal planes if the en- 
ergy of the particle associated with the motion normal 
to the planes is less than the energy required to cross 
over into an adjacent planar channel.',' That is, the 
array of atoms in the crystal establishes a potential 
well that can constrain the positron's trajectory to 
the region between planes. 

When channeling does occur there is a periodicity 
to the motion which can result in the emission of for- 
ward-directed electromagnetic radiation of relatively 
narrow linewidth.'," From a quantum viewpoint the posi- 
tron is trapped in eigenstates associated with the po- 
tential well of the crystalline field, and radiation re- 
sults from spontaneous transitions between these states. 

The emitted photon energy depends upon the energy 
of the positron and the crystal field strength. Assum- 
ing an harmonic potential well with a non-relativistic 
transition energy sip,, the relativistic increase in mass 
and the Doppler shift of the emitted photon result in a 
forward-directed photon energy = 2y%~~ in the labora- 
tory frame. This means that the photon energy can be 
varied by changing the incident particle energy. For 
50-MeV positrons channeled between (110) planes in sili- 
con this photon energy is = 32 keV. 

The linewidth is determined primarily by the anhar- 
manic contribution to the potential, the number of cycles 
over which periodic motion can be maintained, beam div- 
ergence, multiple scattering in the direction parallel 
to the planes, and the solid angle of the detector." 
Typical linewidths are 10 to 25%. 

Other interesting features of the radiation are 
that it is highly directional with a half-angle equal 
to y-l, it is linearly polarized, and it is consider- 
ably more intense than ordinary bremsstrahlung on a per- 
unit solid-angle, per-unit frequency-interval basis if 
the beam quality is sufficient to channel a major frac- 
tion of the incident particles [e.g., an enhancement by 
a factor of 14 over ordinary bremsstrahlung is calcu- 
lated for a 1-mrad beam divergence for 50-MeV positrons 
channeled in (110) silicon."] The time structure of the 
radiation will be determined by the time structure of 
the beam. For an s-band linear accelerator, it will 
consist of a series of very short (2 5~s) pulses separ- 
ated by a much larger interval (2 350~s). 

Areas of application for channeling radiation are: 
investigation of the channeling process; the study of 
the properties of the crystal in which channeling occurs; 
and development of channeling radiation as a practical 
source, One interesting aspect of channeling that can 
be studied by the radiation mechanism is dechanneling, 
since the lineshape and ratio of channeling emission to 
bremsstrahlung depend upon the dechanneling process. It 
should also be possible to obtain data on crystalline 
fields since the emission lineshape depends upon the 
hape of the potential well in which channeling occurs. 
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The effect of dislocations, imperfections, and defect 
formation (caused by the incident particle beam) on the 
channeling radiation also can be investigated. 

Channeling radiation as a source has several desir- 
able properties: the ease with which the photon energy 
can be varied, its relative monochromaticity, its linear 
polarization, its high directionality, and its high in- 
tensity compared with other sources in the lo-keV to 
lo-MeV part of the spectrum. Such properties make it 
almost unique as a calibration standard for polarization- 
sensitive detectors in the x-ray range, an application 
of considerable interest in astrophysics. In the energy 
range from 10 to 100 keV, potential applications include 
lithography, radiography, radiotherapy, x-ray tomagraphy, 
and extended x-ray absorption fine structure spectro- 
scopy. The micro-time structure might be suitable for 
measuring fast relaxation processes and/or for perform- 
ing radiography with millimeter spatial resolution. 
Channeling radiation at higher energies might be very 
useful for measuring certain photonuclear cross sections, 
especially because of its intensity and polarization 
properties. 

Experiment 

The positron beam for the present experiment was 
produced at the Lawrence Livermore Laboratory Electron- 
Positron Linear Accelerator Facility.5,6 Positrons from 
the tungsten-rhenium positron converter were formed into 
a beam, energy analyzed to Ap/p = 0.01, and transported 
to the experimental area by means of standard bending 
and focusing elements. At the selected beam energy of 
56 MeV and accelerator repetition rate of 1440 pps 
(lOO-ns pulse duration) the beam intensity reaching the 
target averaged 0.1 to 0.3 nA. Radiation-shielding 
walls separate the experimental area from the accelera- 
tor and positron converter. 

A schematic diagram of the experimental area is 
shown in Fig. 1. The collimated and energy-analyzed 
positron beam enters from the left, is focused in the 
three-segment quadrupole lens to achieve acceptable 
beam divergence, and impinges upon the silicon crystal 
target mounted in the goniometer. After passing through 
the crystal the beam is either deflected into a dump 
hole or allowed to pass undeflected approximately 6 m 
down the beam pipe where it finally exits the vacuum 
system through a 0,2-mm thick aluminum window. Remote- 
ly insertable collimators, immediately upstream from 
the crystal (l.O-cm diam) and downstream from the de- 
flection magnet (0.5-cm diam) allow collimation of the 
positron beam striking the crystal and of the field of 
view of the crystal seen by the detectors, respectively. 
A plastic-scintillator detector immediately behind the 
exit window can be used to monitor the transmitted 
positron beam with the deflection magnet degaussed. 
With the deflection magnet energized, and the scintilla- 
tion detector removed, the intrinsic-germanium detector 
(at the far right in Fig. 1) is used to measure the 
photon spectrum. 

Because beam collimators cannot be tolerated where 
they will contribute to unwanted bremsstrahlung back- 
ground in the germanium detector, a special beam-tuning 
procedure was adopted. First, with no crystal target 
in the goniometer, the beam was tuned to produce a spot 
-* 1 cm in diam on the insertable viewing screen up- 
stream from the goniometer and, simultaneously = 2 cm 
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THE BROOKHAVEN-COLUMBIA PLASMA LENS

E.B. Forsyth, L.M. Lederman t and J. Sunderland
Brookhaven National Laboratory

Upton, L.I., N.Y.

Summary. A uniform current density plasma
is generated by discharging a high voltage capa-
citor bank into two electrodes in a low pressure
gas. The magnetic field within the plasma pro-
duces achromatic focussing of pions and kaons
travelling along the electrode axis.

1. Introduction

A spark chamber study of neutrino inter-
actions is being carried out at the AGS by a
joint Columbia-BNL group. The beam of muon neu-
trinos is produced from the decay of pions and
kaons coming from a beryllium target on which is
incident a 30 BeV external proton beam.

p + Be - nuclear products + 7l's and/or K's(l)
TT orK± - AP + (2)

Since the direction of the neutrinos differs
only slightly from that of the parent meson, a

focussing device which decreases the intrinsic
divergence of the secondary meson beam will re-

sult in an increase in the neutrino flux at the
detector. (The spark chambers subtend a half-
angle of 20 milliradians; the useful flux at
4 BeV/c extends to about 100 milliradian). Con-
ventional magnetic focussing devices (quadrupoles)
are unsuitable because of the simultaneous re-

quirements of a large momentum bandwidth and a

large angular aperture. In addition, there is no
practical way to selectively focus mesons of one

sign and thereby permit the study of neutrino and
anti-neutrino reactions separately.

At Brookhaven we have attempted to apply an
old idea first used by Panofsky in 1948 to focus
protons from the 184-in. cyclotronl This is that
a cylindrical, longitudinal column of current
generates an aximuthal magnetic field which in-
creases linearly with the radius.2 (The gaussian
circle encloses more current as r , but increases
in circumference only linearly in r.) In high
energy physics applications the currents required
are so large, that it constitutes a plasma dis-
charge and profits from the plasma technology
that has recently been developed. Its appeal
(aside from its being "different") lies in the
absence of the hole at small angles (present in

*
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+Present address: Nevis Laboratory, Columbia
University, Irvington-on-Hudson, N.Y.

the CERN magnetic horn) and the possibility of
control over the radial current distribution.

2. Lens Optics

The magnetic field produced by a uniform cur-
rent density J of radius R along the z axis is:

Be = J r (r < R) (3)

The equations of motion of a particle in this
field are

r + k r = 0 (4a)

drwhere r =
dZ

2 6O5J
k = --

p

and

J is the density in amps/ 2
cm

p is momentum in e.v.

For a point target at the origin, the solu-
tion is

r = A sin kz
a

A = -° where a is the maximum entrancek o

(4b)

angle contained by the lens.

Particles of one sign will be focussed par-
allel to the axis when kz = 1/2; particles of the
other sign will be defccussed since k is imaginary.

The radius R and length L of the column are
determined by the condition:

R= ink =kfrkL=70R =-0 sin kL =-2forkkL=TT/2 (5)
k k

Therefore the current required to form a par-
allel beam of all particles of momentum p emitted
into the lens at an angle 0<0 is:

2 0

Po0
I= 60 (6)

e.g. p = 3 BeV and - 60 , I = 5 x 10 amperes.
0 ~~~~~0

The length and diameter of the discharge is
determined by the acceptance required:

17D
o 2L

and the practical consideration that D and L must
be large compared to the target dimensions.

t
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17D
o 2L
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The momentum dispersion is trom (4)

final =einitial cos (7)
p

and is seen to vary very slowly with p. The
meson gain in density is given bX

( i J weighted by thed = g(8., P)
Of~~~~~dd

(The actual gain,of course,depends upon the det-
ector dimensions.)

In practice, the experimentally determined
pion and kaon flux are input data to a Monte
Carlo program which traces trajectories through
the magnetic field distribution measured in the
plasma discharge.

3. Engineering Design

The lens consists of a large fused silica
tube with stainless steel electrodes inserted in
each end. The downstream electrode is connected
by a metal tube, concentric with the lens, to a
header at the upstream end. This produces a
neat coaxial layout and permits cooling water to
circulate between the ground return and the in-
sulated tube. The electrodes are also water
cooled. The lens is continuously evacuated by a
rotary vacuum pump' the gas pressure is adjusted
by a needle valve in the supply line. A block
diagram of the main components is shown in Fig.l.

3.1 Main Storage Bank

The main bank consists of 33 identical mod-
ules containing a capacitor, discharge and crow-
bar ignitrons. The total capacitance is 480
microfarads, nominal maximum voltage 20 kilovolts.
In practice the operating level is 16-18 kilo-
volts. Modules are designed to be quickly re-
placed in the bank if necessary, any number can
be operated in parallel without interaction as
they are isolated from the charging source and
discharge trigger generator. Each module is
connected to the load header by two coaxial ca-
hlesB,.I.C.C. type 20P2. Relevant electrical
characteristics of the main bank are given in
Table I. A simplified schematic is shown in Fig.
2. When the discharge ignitrons are triggered
the current in the lens begins to increase in an
approximately sinusoidal manner, only approxi-
mately because of the time varying parameters of
the load itself.

When the voltage on the storage bank rever-
ses polarity the crowbar ignitrons are fired
automatically and the reverse voltage excursion
is limited: this produces a worthwhile increase
in capacitor life. The trigger generator con-
sists of a five-ohm pulse forming network dis-
charged by a 7390 thyratron. Each ignitor cir-
cuit contains a pulse inverting and isolating

transformer and a series hundred-ohm resistor for
proper load sharing. The total load presented to
the generator roughly matches the pulse forming
network, thus a rectangular trigger pulse is gen-
erated, the duration is four microseconds, rise
tine half a microsecond and maximum magnitude is
15 kV. The voltage on the ignitor is typically
4 kV during normal operation. The energy supplied
to the ignitor must be a compromise; too much
causes early ignitor burn-out, too little may re-
sult in tardy ignitrons failing to fire at all.

The main bank is charged at a constant cur-
rent, about 4.5 amps, supplied by a three-phase
monocyclic network, step-up transformer and rec-
tifier bank. Each module is connected via a high
vacuum diode to the common charging point. Thus
the failure of a module, for example, due to pre-
mature ignitron breakdown, does not cause the rest
of the bank to be dumped into the defective module.
When the desired charging level is reached a tet-
rode connected in shunt at the charging supply out-
put is driven full on, the charging current is
diverted and the output voltage falls to a low
value. The bank remains charged as the series
diodes become non-conducting. The bank begins to
recharge when the tetrode is turned off by an AGS
timing pulse.

The lens is operated at the same repetition
rate as the AGS, about 1 pulse every 2 seconds,
hence component life expectancy must be of the
order of 106 pulses so the overall device has
reasonable reliability. The ignitrons used to
discharge the main bank were life tested to over a
million pulses at a fifty percent higher current
than encountered with the lens as a load. The
storage capacitors are not allowed to develop re-
verse voltages of any magnitude during the dis-
charge. To date only one capacitor has failed.

3.2 B Supply

The axial magnetic field is provided by an
air.-cooled solenoid wrapped around the lens. The
flux density generated by this coil is about 4
kilogauss. As the problem of heat dissipation
makes a dc coil impractical this field is also
generated by discharging a storage bank. To avoid
large eddy currents in the lens ground return and
electrodes the discharge frequency is relatively
low, about one hundred cycles per second. At
this frequency the discharge ignitrons extinguish
automatically at the end of a conducting cycle,
thus the bank is left with some stored energy at
the end of the discharge. The main bank is fired
at peak current during the first half cycle of the
B discharge. A simplified circuit of the supply.zis shown in Fig. 3. The important circuit para-
meters are included in Table I.
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§ e- beam driven e+-e- pair-plasma - more stable, more systematic 
study – need e+ spectrometer (or prog. flip magnet PS)

§ injected into CO2 LWFA – need full-power CO2 on BL # 2

§CO2 LWFA – bigger wakefield – more spatial overlap with shower
- more positrons trapped for a give electron beam energy

BNL-ATF CO2 Laser Positron Acceleration 



using shaped density gradients

in a 2-species mixed-Z gas

Relativistically Induced Transparency Acceleration (RITA)

Relativistically Induced Transparency Acc., 
Sahai, et. al., Phys. Rev. E 88, 043105 (2013)
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of the filamentation of the snowplow. With smaller focal spots
of a few laser wavelengths, the filamentation is more modest
with only 2-3 filaments forming. The focusing of the laser
power into filaments locally increases a(x, t) and the snowplow
potential height relative to the 1-D case. Within each filament,
the scaling of vsp with ↵

� and of ath are similar to 1-D theory, but
the overall speed and penetration[25][28] of the snowplow are
both less than in 1-D. Fig.4 shows 2-D simulation results for a
circularly polarized laser of a super-Gaussian transverse spatial
intensity profile with FWHM focal spot radius of r0 = 3.8µm.
The temporal profile of the pulse is a linear rise and fall of 4 f s,
with a 17 f s flat-top part. The flat-top is required to sustain the
filamented and transversely tapering snowplow electrostatic
potential for long enough to allow enough protons to reflect
o↵ the potential hill. From 2-D simulations we observe that for
laser pulses with su�ciently long rise-times, ⌧p � 150 f s, the
flat-top part is not required. Despite the complicated physics
that occurs in 2-D, we observe that a quasi-monoenergetic
beam is accelerated to an energy of approximately 1GeV as
in Fig.4 at a0 = 72, a peak intensity of I0 = 1.1 ⇥ 1022 W

cm2 and
peak pulse power of 2.54PW. In this non-optimized case where
proton doping was light (0.01⇥ncrit), the ratio of proton energy
within the FWHM (' 30% of the total energy in protons) to
laser pulse energy is ' 10�2 corresponding to ' 1010 protons for
a round beam. We have modeled laser temporal profiles that
are Gaussian (not shown) rather than linear and the proton
energy spectrum is similar.

Fig. 5: Peak proton-bunch energy vs. Peak laser power. A compilation of

peak proton bunch energy obtained with 2-D simulations of the RITA scheme

by varying control parameters ↵ (in c
!0

), � and a0 with fixed FWHM focal spot-

radius, r0 = 3.8µm. The top solid black line is a fit to the RITA 2-D energies for

circularly polarized laser with rise-time �
c ' 4 f s and pulse length, ⌧p = 25 f s.

The next two solid lines are for TNSA with ⌧p = 1 and ⌧p = 30 f s from [5][13].

Experimentally obtained maximum TNSA [29] and RPA [15] proton energy are

shown.

Finally, in Fig.5, we compare the results of a number of 2-
D simulations for varying laser-plasma parameters with fixed
laser focal spot-size. It shows the predicted scaling law that
the proton beam energy, for fixed intensity, increases directly
with plasma density gradient scale lengths and inversely with
laser pulse rise-times. The bunch energy, Ep, is plotted versus
peak laser power, P0, and compared to TNSA [5][13][29]. 2-D
simulations for various intensities show that the proton beam
energy scales linearly with laser power, Ep / P0. We see that the
RITA scaling is well above the TNSA maximum energy scaling,

Ep /
p

I. The di↵erence is greatest for short pulse lengths, since
TNSA gives lower energy for short pulses while RITA is the
opposite.
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5TW CO2 laser – a0 = 1 regime

§ gas-based laser-plasma ion acceleration schemes – a promising pathway

§ Hole-boring needs higher densities (at high intensities) – avoid target 
breaching

§ can use 2-ion species (CO2 laser allows 1019 cm-3 critical density)

§ Ar + Hydrogen mixes are common industrial mix

§ Promise of tunable 10MeV proton beams with 5TW
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plasma parameters given in Fig. 2. The electron bunch
carries out betatron oscillations in the transverse direction.
The modulation period of the microbunch structure de-
creases with the propagation distance. The reason for the
microbunch generation is the nonuniform radial wakefield
along the longitudinal direction within the bunch. The
electron bunch can be considered as a set of infinitely
thin sheets along the x direction. If the radial field is
uniform along the x direction, the radius of each sheet
oscillates synchronously with the same betatron frequency.
For our case, the wakefield is weak towards the bunch head
and is strong toward its tail. The different sheets therefore
have different betatron frequencies and the resulting non-
synchronous oscillations lead to the bunch envelope
modulation.

Since the beam deceleration works near the blow-out
regime, we assume that electron bunch blows out all the
plasma electrons, and leaves a positive ion column. The
transverse electrostatic field of the ion column is 2!neer,
and the electron motion in this transverse field satisfies
dpT=dt ¼ "2!nee

2r. For relativistic electrons, we have

"T ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" v2

T

q
# ", and the equation of electron mo-

tion becomes

d2r=dt2 ¼ "!2
br; (9)

where !b ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the betatron frequency. Since a

relativistic electron has t ’ x=c, the motion equation can
be rewritten as d2r=dx2 þ ð!2

b=c
2Þr ¼ 0, where x is the

electron propagation coordinate.
If we neglect the effects of emittance, space charge, and

self-magnetic field of the electron bunch, we can obtain
from Eq. (9) the envelope equation of the bunch [27,28] as

"
@2

@x2
þ!2

bð#Þ
c2

#
$Tðx;#Þ ¼ 0; (10)

where # ¼ x" ct is the comoving coordinate of the bunch.
We consider the front part of electron bunch within # 2
½"$0

L; 0(, where $0
L ) $L. We assume the radial field

increases linearly from the bunch head # ¼ 0 to the posi-
tion # ¼ "$0

L, so one has

!bð#Þ ¼ !b0ð1þ #=$0
LÞ; (11)

where !b0 ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the maximum betatron fre-

quency. The solution of Eq. (10) is

$Tðx;#Þ ¼ $Tð0;#Þj cos½!b0ð1þ #=$0
LÞx=c(j: (12)

The modulation period of the bunch envelope as a function
of # is

% ¼ !c$0
L

!b0x
¼

ffiffiffiffi
"

2

r
$0

L

x
&pe; (13)

which decreases with the propagation distance x. For the
case of Fig. 5, we find $0

L * 0:5&pe. Substituting " ¼
1000 and &pe ¼ 5 'm, we obtain %0:5 mm * 0:56 'm
and %0:8 mm * 0:35 'm, which agree with the median in
Fig. 5(c). The chirped structure in Fig. 5(c) is due to the
nonlinear wakefield rising within the bunch.
Such a microstructured electron bunch can potentially

be a source for coherent radiation or can feed a free
electron laser, and its generation requires only a short
plasma insertion. Of course, additional investigations on
optimum microbunch generation are needed for a practical
application in this direction. We notice that there remains
some chirp in the period of the microbunches. Since we
understand the reason for this in the nonlinear chirp of the
betatron frequency, we can utilize this or control it. It may
also be possible to use this new microbunching mechanism
to generate trains of zeptosecond electron pulses from an
attosecond bunch, as described in Ref. [22]. Such zepto-
second pulse trains can be used as diagnostics tool for
resolving ultrafast phenomena in atomic and nuclear
physics.

V. CONCLUSION

In conclusion we have suggested to make use of collec-
tive deceleration in plasma as a beam dump mechanism for
electron accelerators. This new method provides a beam
dump capability that is some 3–5 orders of magnitude more
efficient than a conventional beam dump. It reduces the
radioactivation hazard by many orders of magnitude. It

FIG. 5. Microbunching during deceleration. Snapshots of bunch density for the propagation distances (a) x ¼ 0:5 mm and
(b) x ¼ 0:8 mm. (c) Display of bunch density distributions along the dashed lines in (a) and (b). Simulation parameters are the
same as in Fig. 2.
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The initial particle energy E0 is varied from 100 MeV to
100 GeV.

It is seen that the bunch energy drops linearly with
distance. Apparently, the stopping power is independent
of the initial particle energy in this region, until some kind
of saturation sets in after a saturation length Ls. The
deceleration distance is proportional to the bunch energy
and is in fact determined by the stopping power given in
Eq. (5), i.e., the wakefield amplitude is independent of the
bunch energy. For a bunch of 1 GeV electrons initially,
75% of the energy is deposited in a plasma column 1.5 mm
long. Beyond the saturation length, the electron decelera-
tion becomes much slower and almost vanishes.

In order to better understand the saturation mechanism,
Fig. 2 provides the distribution of energy vs the x position
of all electrons in the bunch around the distance Ls. Here
we take the initial bunch energy of 500 MeVand a plasma
density of ne ¼ 2nb " 4:4# 1019 cm$3. In this case, the
normalized bunch sizes are !T="pe ¼ !L="pe ¼ 0:6.
Figure 2(a) shows that the bunch tail is effectively decel-
erated and, in Fig. 2(b), some tail electrons are completely
stopped toward zero velocity and lag behind the main
bunch. Then, these lagging electrons are trapped in the
acceleration phase of the wakefield and regain energy, as
shown in Fig. 2(c). In fact, the bunch is already split into
three parts: electrons at the bunch front that feel almost no
deceleration field, electrons in the middle still decelerating,
and electrons at the tail already regaining energy. It is at
this point when the overall deceleration saturates. The total
energy evolution is shown in Fig. 3(b) for the case of the
uniform plasma. The remaining energy after saturation is
about 25%.

B. Beam dump with structured plasmas

In order to circumvent saturation in a uniform plasma
and to further decelerate the bunch, we suggest to employ a
structured plasma for phase mismatch control [26], as it is
shown in Figs. 3(a) and 4(a). Just before the moment when
some tail electrons are completely stopped, we replace the
uniform plasma by some periodic plasma slabs with vac-

uum gaps or periodic thin foils inserted in the background
uniform plasma. It is expected that those electrons which
approach to come to rest can be retained around the vac-
uum gap or the foil, so that they are not trapped in the
plasma for renewed acceleration.
In the case with vacuum gap, we set the thickness of the

plasma slab equal to the vacuum gap. Figure 3(b) shows
that, after a deceleration in the 1.15 mm long uniform
plasma, the bunch energy can indeed further decelerate
when introducing plasma slabs with either LP="pe ¼ 2, 5,
or 10 periods. After a distance of 3 mm, 90% bunch energy
is absorbed. Further deceleration is possible if more plasma
slabs are used.
As expected, Fig. 3(c) shows that only a low-energy

electron tail is left after the main bunch. Most of these
low-energy electrons have a kinetic energy smaller than
5 MeV. Electrons with energy less than 10 MeV are safer
because they do not lead to radioactivation. Only the bunch
head cannot effectively be decelerated, because the wake-
field is weak on the bunch head.
To check the robustness of deceleration in the structured

plasma, we consider an electron bunch after a 1 cm vacuum
drift, in which the transverse size becomes !T ¼ 10 #m,
while the longitudinal length of !L ¼ 3 #m does not
change. The bunch density is nb " 2# 1018 cm$3. We
vary the plasma density from ne=nb ¼ 1 to ne=nb ¼ 80.
The corresponding normalized bunch length varies from
!L="pe ¼ 0:13 to !L="pe ¼ 1:2 and the bunch width
from !T="pe ¼ 0:4 to !T="pe ¼ 3:8. For the case of a
uniform plasma shown in Fig. 3(d), the rate of energy loss
decreases for !L="pe > 1. This is because the bunch is too
long for the wakefield, having a length of %"pe. In this
case, the bunch tail is always reaccelerated [15]. The
optimal wakefield is generated for !L="pe ¼ 0:5. In other
words, the proposed beam dump is effective when

!L="pe < 1: (8)

This implies that (i) the shorter the bunch is, the higher
the plasma density can be taken and the shorter becomes
the stopping length [see Eq. (5)], and that (ii) the denser

FIG. 2. Electron energy distribution during collective deceleration in nonstructured plasma. Energies are given versus longitudinal
position (x in units of plasma wavelength) at different propagating distances: (a) x ¼ 1 mm, (b) x ¼ 1:25 mm, and (c) x ¼ 1:4 mm.
The plasma density is ne ¼ 2nb " 4:4# 1019 cm$3, and the initial energy of bunch electrons is 500 MeV.
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The initial particle energy E0 is varied from 100 MeV to
100 GeV.

It is seen that the bunch energy drops linearly with
distance. Apparently, the stopping power is independent
of the initial particle energy in this region, until some kind
of saturation sets in after a saturation length Ls. The
deceleration distance is proportional to the bunch energy
and is in fact determined by the stopping power given in
Eq. (5), i.e., the wakefield amplitude is independent of the
bunch energy. For a bunch of 1 GeV electrons initially,
75% of the energy is deposited in a plasma column 1.5 mm
long. Beyond the saturation length, the electron decelera-
tion becomes much slower and almost vanishes.

In order to better understand the saturation mechanism,
Fig. 2 provides the distribution of energy vs the x position
of all electrons in the bunch around the distance Ls. Here
we take the initial bunch energy of 500 MeVand a plasma
density of ne ¼ 2nb " 4:4# 1019 cm$3. In this case, the
normalized bunch sizes are !T="pe ¼ !L="pe ¼ 0:6.
Figure 2(a) shows that the bunch tail is effectively decel-
erated and, in Fig. 2(b), some tail electrons are completely
stopped toward zero velocity and lag behind the main
bunch. Then, these lagging electrons are trapped in the
acceleration phase of the wakefield and regain energy, as
shown in Fig. 2(c). In fact, the bunch is already split into
three parts: electrons at the bunch front that feel almost no
deceleration field, electrons in the middle still decelerating,
and electrons at the tail already regaining energy. It is at
this point when the overall deceleration saturates. The total
energy evolution is shown in Fig. 3(b) for the case of the
uniform plasma. The remaining energy after saturation is
about 25%.

B. Beam dump with structured plasmas

In order to circumvent saturation in a uniform plasma
and to further decelerate the bunch, we suggest to employ a
structured plasma for phase mismatch control [26], as it is
shown in Figs. 3(a) and 4(a). Just before the moment when
some tail electrons are completely stopped, we replace the
uniform plasma by some periodic plasma slabs with vac-

uum gaps or periodic thin foils inserted in the background
uniform plasma. It is expected that those electrons which
approach to come to rest can be retained around the vac-
uum gap or the foil, so that they are not trapped in the
plasma for renewed acceleration.
In the case with vacuum gap, we set the thickness of the

plasma slab equal to the vacuum gap. Figure 3(b) shows
that, after a deceleration in the 1.15 mm long uniform
plasma, the bunch energy can indeed further decelerate
when introducing plasma slabs with either LP="pe ¼ 2, 5,
or 10 periods. After a distance of 3 mm, 90% bunch energy
is absorbed. Further deceleration is possible if more plasma
slabs are used.
As expected, Fig. 3(c) shows that only a low-energy

electron tail is left after the main bunch. Most of these
low-energy electrons have a kinetic energy smaller than
5 MeV. Electrons with energy less than 10 MeV are safer
because they do not lead to radioactivation. Only the bunch
head cannot effectively be decelerated, because the wake-
field is weak on the bunch head.
To check the robustness of deceleration in the structured

plasma, we consider an electron bunch after a 1 cm vacuum
drift, in which the transverse size becomes !T ¼ 10 #m,
while the longitudinal length of !L ¼ 3 #m does not
change. The bunch density is nb " 2# 1018 cm$3. We
vary the plasma density from ne=nb ¼ 1 to ne=nb ¼ 80.
The corresponding normalized bunch length varies from
!L="pe ¼ 0:13 to !L="pe ¼ 1:2 and the bunch width
from !T="pe ¼ 0:4 to !T="pe ¼ 3:8. For the case of a
uniform plasma shown in Fig. 3(d), the rate of energy loss
decreases for !L="pe > 1. This is because the bunch is too
long for the wakefield, having a length of %"pe. In this
case, the bunch tail is always reaccelerated [15]. The
optimal wakefield is generated for !L="pe ¼ 0:5. In other
words, the proposed beam dump is effective when

!L="pe < 1: (8)

This implies that (i) the shorter the bunch is, the higher
the plasma density can be taken and the shorter becomes
the stopping length [see Eq. (5)], and that (ii) the denser

FIG. 2. Electron energy distribution during collective deceleration in nonstructured plasma. Energies are given versus longitudinal
position (x in units of plasma wavelength) at different propagating distances: (a) x ¼ 1 mm, (b) x ¼ 1:25 mm, and (c) x ¼ 1:4 mm.
The plasma density is ne ¼ 2nb " 4:4# 1019 cm$3, and the initial energy of bunch electrons is 500 MeV.
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plasma parameters given in Fig. 2. The electron bunch
carries out betatron oscillations in the transverse direction.
The modulation period of the microbunch structure de-
creases with the propagation distance. The reason for the
microbunch generation is the nonuniform radial wakefield
along the longitudinal direction within the bunch. The
electron bunch can be considered as a set of infinitely
thin sheets along the x direction. If the radial field is
uniform along the x direction, the radius of each sheet
oscillates synchronously with the same betatron frequency.
For our case, the wakefield is weak towards the bunch head
and is strong toward its tail. The different sheets therefore
have different betatron frequencies and the resulting non-
synchronous oscillations lead to the bunch envelope
modulation.

Since the beam deceleration works near the blow-out
regime, we assume that electron bunch blows out all the
plasma electrons, and leaves a positive ion column. The
transverse electrostatic field of the ion column is 2!neer,
and the electron motion in this transverse field satisfies
dpT=dt ¼ "2!nee

2r. For relativistic electrons, we have

"T ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" v2

T

q
# ", and the equation of electron mo-

tion becomes

d2r=dt2 ¼ "!2
br; (9)

where !b ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the betatron frequency. Since a

relativistic electron has t ’ x=c, the motion equation can
be rewritten as d2r=dx2 þ ð!2

b=c
2Þr ¼ 0, where x is the

electron propagation coordinate.
If we neglect the effects of emittance, space charge, and

self-magnetic field of the electron bunch, we can obtain
from Eq. (9) the envelope equation of the bunch [27,28] as

"
@2

@x2
þ!2

bð#Þ
c2

#
$Tðx;#Þ ¼ 0; (10)

where # ¼ x" ct is the comoving coordinate of the bunch.
We consider the front part of electron bunch within # 2
½"$0

L; 0(, where $0
L ) $L. We assume the radial field

increases linearly from the bunch head # ¼ 0 to the posi-
tion # ¼ "$0

L, so one has

!bð#Þ ¼ !b0ð1þ #=$0
LÞ; (11)

where !b0 ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the maximum betatron fre-

quency. The solution of Eq. (10) is

$Tðx;#Þ ¼ $Tð0;#Þj cos½!b0ð1þ #=$0
LÞx=c(j: (12)

The modulation period of the bunch envelope as a function
of # is

% ¼ !c$0
L

!b0x
¼

ffiffiffiffi
"

2

r
$0

L

x
&pe; (13)

which decreases with the propagation distance x. For the
case of Fig. 5, we find $0

L * 0:5&pe. Substituting " ¼
1000 and &pe ¼ 5 'm, we obtain %0:5 mm * 0:56 'm
and %0:8 mm * 0:35 'm, which agree with the median in
Fig. 5(c). The chirped structure in Fig. 5(c) is due to the
nonlinear wakefield rising within the bunch.
Such a microstructured electron bunch can potentially

be a source for coherent radiation or can feed a free
electron laser, and its generation requires only a short
plasma insertion. Of course, additional investigations on
optimum microbunch generation are needed for a practical
application in this direction. We notice that there remains
some chirp in the period of the microbunches. Since we
understand the reason for this in the nonlinear chirp of the
betatron frequency, we can utilize this or control it. It may
also be possible to use this new microbunching mechanism
to generate trains of zeptosecond electron pulses from an
attosecond bunch, as described in Ref. [22]. Such zepto-
second pulse trains can be used as diagnostics tool for
resolving ultrafast phenomena in atomic and nuclear
physics.

V. CONCLUSION

In conclusion we have suggested to make use of collec-
tive deceleration in plasma as a beam dump mechanism for
electron accelerators. This new method provides a beam
dump capability that is some 3–5 orders of magnitude more
efficient than a conventional beam dump. It reduces the
radioactivation hazard by many orders of magnitude. It

FIG. 5. Microbunching during deceleration. Snapshots of bunch density for the propagation distances (a) x ¼ 0:5 mm and
(b) x ¼ 0:8 mm. (c) Display of bunch density distributions along the dashed lines in (a) and (b). Simulation parameters are the
same as in Fig. 2.

WU et al. Phys. Rev. ST Accel. Beams 13, 101303 (2010)

101303-6

plasma parameters given in Fig. 2. The electron bunch
carries out betatron oscillations in the transverse direction.
The modulation period of the microbunch structure de-
creases with the propagation distance. The reason for the
microbunch generation is the nonuniform radial wakefield
along the longitudinal direction within the bunch. The
electron bunch can be considered as a set of infinitely
thin sheets along the x direction. If the radial field is
uniform along the x direction, the radius of each sheet
oscillates synchronously with the same betatron frequency.
For our case, the wakefield is weak towards the bunch head
and is strong toward its tail. The different sheets therefore
have different betatron frequencies and the resulting non-
synchronous oscillations lead to the bunch envelope
modulation.

Since the beam deceleration works near the blow-out
regime, we assume that electron bunch blows out all the
plasma electrons, and leaves a positive ion column. The
transverse electrostatic field of the ion column is 2!neer,
and the electron motion in this transverse field satisfies
dpT=dt ¼ "2!nee

2r. For relativistic electrons, we have

"T ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" v2

T

q
# ", and the equation of electron mo-

tion becomes

d2r=dt2 ¼ "!2
br; (9)

where !b ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the betatron frequency. Since a

relativistic electron has t ’ x=c, the motion equation can
be rewritten as d2r=dx2 þ ð!2

b=c
2Þr ¼ 0, where x is the

electron propagation coordinate.
If we neglect the effects of emittance, space charge, and

self-magnetic field of the electron bunch, we can obtain
from Eq. (9) the envelope equation of the bunch [27,28] as

"
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@x2
þ!2

bð#Þ
c2

#
$Tðx;#Þ ¼ 0; (10)

where # ¼ x" ct is the comoving coordinate of the bunch.
We consider the front part of electron bunch within # 2
½"$0

L; 0(, where $0
L ) $L. We assume the radial field

increases linearly from the bunch head # ¼ 0 to the posi-
tion # ¼ "$0

L, so one has

!bð#Þ ¼ !b0ð1þ #=$0
LÞ; (11)

where !b0 ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the maximum betatron fre-

quency. The solution of Eq. (10) is

$Tðx;#Þ ¼ $Tð0;#Þj cos½!b0ð1þ #=$0
LÞx=c(j: (12)

The modulation period of the bunch envelope as a function
of # is

% ¼ !c$0
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ffiffiffiffi
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&pe; (13)

which decreases with the propagation distance x. For the
case of Fig. 5, we find $0

L * 0:5&pe. Substituting " ¼
1000 and &pe ¼ 5 'm, we obtain %0:5 mm * 0:56 'm
and %0:8 mm * 0:35 'm, which agree with the median in
Fig. 5(c). The chirped structure in Fig. 5(c) is due to the
nonlinear wakefield rising within the bunch.
Such a microstructured electron bunch can potentially

be a source for coherent radiation or can feed a free
electron laser, and its generation requires only a short
plasma insertion. Of course, additional investigations on
optimum microbunch generation are needed for a practical
application in this direction. We notice that there remains
some chirp in the period of the microbunches. Since we
understand the reason for this in the nonlinear chirp of the
betatron frequency, we can utilize this or control it. It may
also be possible to use this new microbunching mechanism
to generate trains of zeptosecond electron pulses from an
attosecond bunch, as described in Ref. [22]. Such zepto-
second pulse trains can be used as diagnostics tool for
resolving ultrafast phenomena in atomic and nuclear
physics.

V. CONCLUSION

In conclusion we have suggested to make use of collec-
tive deceleration in plasma as a beam dump mechanism for
electron accelerators. This new method provides a beam
dump capability that is some 3–5 orders of magnitude more
efficient than a conventional beam dump. It reduces the
radioactivation hazard by many orders of magnitude. It

FIG. 5. Microbunching during deceleration. Snapshots of bunch density for the propagation distances (a) x ¼ 0:5 mm and
(b) x ¼ 0:8 mm. (c) Display of bunch density distributions along the dashed lines in (a) and (b). Simulation parameters are the
same as in Fig. 2.
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plasma parameters given in Fig. 2. The electron bunch
carries out betatron oscillations in the transverse direction.
The modulation period of the microbunch structure de-
creases with the propagation distance. The reason for the
microbunch generation is the nonuniform radial wakefield
along the longitudinal direction within the bunch. The
electron bunch can be considered as a set of infinitely
thin sheets along the x direction. If the radial field is
uniform along the x direction, the radius of each sheet
oscillates synchronously with the same betatron frequency.
For our case, the wakefield is weak towards the bunch head
and is strong toward its tail. The different sheets therefore
have different betatron frequencies and the resulting non-
synchronous oscillations lead to the bunch envelope
modulation.

Since the beam deceleration works near the blow-out
regime, we assume that electron bunch blows out all the
plasma electrons, and leaves a positive ion column. The
transverse electrostatic field of the ion column is 2!neer,
and the electron motion in this transverse field satisfies
dpT=dt ¼ "2!nee

2r. For relativistic electrons, we have

"T ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1" v2

T

q
# ", and the equation of electron mo-

tion becomes

d2r=dt2 ¼ "!2
br; (9)

where !b ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the betatron frequency. Since a

relativistic electron has t ’ x=c, the motion equation can
be rewritten as d2r=dx2 þ ð!2

b=c
2Þr ¼ 0, where x is the

electron propagation coordinate.
If we neglect the effects of emittance, space charge, and

self-magnetic field of the electron bunch, we can obtain
from Eq. (9) the envelope equation of the bunch [27,28] as

"
@2

@x2
þ!2

bð#Þ
c2

#
$Tðx;#Þ ¼ 0; (10)

where # ¼ x" ct is the comoving coordinate of the bunch.
We consider the front part of electron bunch within # 2
½"$0

L; 0(, where $0
L ) $L. We assume the radial field

increases linearly from the bunch head # ¼ 0 to the posi-
tion # ¼ "$0

L, so one has

!bð#Þ ¼ !b0ð1þ #=$0
LÞ; (11)

where !b0 ¼ !pe=
ffiffiffiffiffiffi
2"

p
is the maximum betatron fre-

quency. The solution of Eq. (10) is

$Tðx;#Þ ¼ $Tð0;#Þj cos½!b0ð1þ #=$0
LÞx=c(j: (12)

The modulation period of the bunch envelope as a function
of # is

% ¼ !c$0
L

!b0x
¼

ffiffiffiffi
"

2

r
$0

L

x
&pe; (13)

which decreases with the propagation distance x. For the
case of Fig. 5, we find $0

L * 0:5&pe. Substituting " ¼
1000 and &pe ¼ 5 'm, we obtain %0:5 mm * 0:56 'm
and %0:8 mm * 0:35 'm, which agree with the median in
Fig. 5(c). The chirped structure in Fig. 5(c) is due to the
nonlinear wakefield rising within the bunch.
Such a microstructured electron bunch can potentially

be a source for coherent radiation or can feed a free
electron laser, and its generation requires only a short
plasma insertion. Of course, additional investigations on
optimum microbunch generation are needed for a practical
application in this direction. We notice that there remains
some chirp in the period of the microbunches. Since we
understand the reason for this in the nonlinear chirp of the
betatron frequency, we can utilize this or control it. It may
also be possible to use this new microbunching mechanism
to generate trains of zeptosecond electron pulses from an
attosecond bunch, as described in Ref. [22]. Such zepto-
second pulse trains can be used as diagnostics tool for
resolving ultrafast phenomena in atomic and nuclear
physics.

V. CONCLUSION

In conclusion we have suggested to make use of collec-
tive deceleration in plasma as a beam dump mechanism for
electron accelerators. This new method provides a beam
dump capability that is some 3–5 orders of magnitude more
efficient than a conventional beam dump. It reduces the
radioactivation hazard by many orders of magnitude. It

FIG. 5. Microbunching during deceleration. Snapshots of bunch density for the propagation distances (a) x ¼ 0:5 mm and
(b) x ¼ 0:8 mm. (c) Display of bunch density distributions along the dashed lines in (a) and (b). Simulation parameters are the
same as in Fig. 2.
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𝞂r = 50 um, 𝞂z /c = 500 fs, Q = 200 pC, n0 = 1e16 cm-3

energy-bunching

in correspondence with

spatial micro-bunching

~ 1 cm

~ 2 cm



BL# 2 - BNL-ATF setup

PMQ Triplet: (T-PMQ)
§ require < 10um beam waist
§ Adjustable focal length
Possibilities to go to smaller waist-sizes ?

an F-DD-FF style triplet.

Figure 4.2: CAD drawing of adjustable focal length PMQ triplet

The PMQs are mechanically supported by three precision ground rods affixed to the

vacuum side of a Conflat flange. Linear vacuum feedthroughs attached to each PMQ mod-

ule allow for independent longitudinal adjustment of the PMQs, which allows focal length

adjustment and on the fly tuning. A CAD rendering of this system is shown in Figure 4.2.

Although this system was designed to operate at higher energies (up to 90 MeV) compared

to ATF (~60 MeV) basic beam dynamics and modeling using Elegant indicate that focusing

the beam to mm scale beta functions and several micron RMS transverse sizes is well within

reach.

A major concern, however, was the potentially degraded field quality of the PMQs. In the

course of previous experiments, there was clearly some damage inflicted upon the magnets

(Figure 4.3), likely from a combination of laser and electron beam. As such, it was necessary

to perform some basic measurements to verify that no major variations in the magnetic field

quality had been sustained. Accordingly, full transverse field maps of the PMQ system were

measured over the full length of the PMQ triplet using a miniature Hall probe mounted to a

three axis mover. A stream plot of one longitudinal slice is shown in Figure and illustrates

that at least the dominant quadrupole moment has not been drastically altered. For a more

quantitative approach, the measured transverse vector fields are fit to a multipole expansion

80

Discharge capillary
§ Discharge struck - plasma builds up to its highest density 
§ Density decays to lower values - over several μs
§ Stationary conditions - few tens of ps e-beam traversing
Possibility to use an ionizing laser (<250mJ) ?

where ��1/2 is the FWHM of the measured profile in Angstroms and ↵1/2 is a density and

temperature dependent parameter. Values of the ↵1/2 parameter are tabulated for many

densities and temperatures in various references, i.e. [90]. The FWHM is determined from

the data using two different fitting methods. The first method is to directly fit the profiles

with a Lorentzian

f (�) =
A

(�� �0)
2 +

�
��1/2/2

�2

where �0 is the central wavelength of the line and A is an arbitrary amplitude. At later times

in the discharge when the plasma light intensity is weak, the poor signal to noise renders the

Lorentzian fit above unreliable. Alternatively, one can calculate the area under the profile

as a function of wavelength. Recognizing d
dx tan

�1 (x) = 1
1+x2 , the integrated profile can fit

to the inverse tangent, from which it is straight forward to extract ��1/2. Both methods

produce similar results, with the latter method providing better estimates at the latest times

in the discharge.

Figure 4.21: Plasma density calibration.

Applying the above fitting methods at each time slice of the full dataset for the H↵

line, in combination with (4.22), gives the time evolution of the plasma density, Figure 4.21.

A peak density of 5 ⇥ 1017 is reached shortly after the discharge current peak and decays

exponentially with a time constant of ⌧ ⇡ 450 ns. After a about 1 µs the signal to noise

for the spectral line becomes to large to give any meaningful measurement. The calibration

stands in good agreement with previous results [55, 44, 54] demonstrating the robustness of

the particular capillary design. Densities for later times are extrapolated from an exponential

119

TCAV
§ Undulator before plasma – pre-modulate beam (CO2 better overlap)
§ Seeds micro-modulation in plasma
§ TCAV after after plasma – detects micro modulations
Possibilities to detect micro-modulations using TCAV ?



possibilities with sub-fs micro-modulation  

§ trends towards attosecond science – 10μm laser seed (spatial 
overlap)

§ faster energy deposition in plasma by the micro-modulated beam

§ use the micro-modulated beam to probe materials

§ possibly excite solid-state modes (plasmons, phonons etc.)

§ probe solid-state oscillations modes



Novel 
possibilities

with BNL-ATF

CO2 Laser 
Positron Acceleration 

CO2 Laser
RITA Ion acceleration 

sub-fs modulated of e-

beam


